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The laser spectroscopy group at 
IEM-CSIC
Two laboratories, four people.
Two high-resolution techniques:
– IR absorption spectroscopy (by difference frequency 
mixing)
– Stimulated Raman Spectroscopy
Both:  Doppler limited vibration-rotation spectroscopy of 
gases
– “Traditional” frequency analysis
– Pressure effects in molecular lines (broadening, shifting, 
Dicke narrowing, line-mixing, speed dependent effects)
IR:  molecular ions
Raman:  Energy transfer processes
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IR generation by difference frequency 
mixing
I2 locked Ar+ laser + Ring dye laser 
 Spectral purity:  ~1:108  (2 MHz)
Accuracy:  ~3 MHz
Tunability 2.2 – 4.2 µm 
      (2300-4500 cm-1)
1.2 cm-1 continuous scan
Sensitivity: ~1:105
10 µW  vs. 10-5 NEP of InSb
0.5 mbar, 10 cm
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IR generation by difference frequency 
mixing
 Goal:  to obtain better 
vibration-rotation 
transition frequencies 
of molecular ions 
→ improvement of 
ground state rotational 
constants and prediction 
of the microwave 
spectrum 
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   Shine two lasers, one of 
them tunable, onto the 
sample.  When their 
frequency difference 
matches that of a 
Raman-allowed transition, 
scattered photons are 
emitted coherently.
The high-frequency laser 
losses intensity, while the low 
frequency laser gains 
intensity.
   cw-SRS:  highest 
resolution 
   ∆ν<10-4 cm-1, SNR ~ 12
  quasi-cw-SRS:  best 
compromise between 
resolution and sensitivity
  ∆ν~3×10-3 cm-1, SNR ~ 
56000
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5 – 400 ns
Time resolved Raman-Raman 
double resonance
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State-to-state rotational energy transfer rate 
constants
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– We can prepare and detect vibrationally excited 
molecules, even those with no permanent dipole moment:  
N2, O2, (CO,  CH4,…)
– Relevant for non-LTE problems in planetary atmospheres
– Pump N2 and  detect excited CO and viceversa as a function 
of time. 
– N2(v=1)+CO(v=0) → N2(v=0)+CO(v=1)
– 13C isotopologues
– Hopefully, it will be of use for CO retrievals in Titan
(López-Puertas, López-Valverde, IAA-CSIC)
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Is there any other way to enhance sensitivity?
– Multipass refocusing cells: but there is a limit to the 
number of traversals (enhancement  < ×25 ) and are 
cumbersome to handle (especially  with  pulsed sources)
– Cavity enhanced techniques:  but cavities have to be 
resonant with two frequencies, one of them tunable.  (B. 
Orr has demonstrated cw-CRD-SRGS: but it is very difficult 
and worse s/n)
– Hollow Core Photonic Crystal Fibers:  they can guide 
light with low losses.
Stimulated Raman gain/loss 
Spectroscopy
Hollow-core photonic crystal fiber
(50 µm)-2 × 5 
mm
(5 µm)-2  × n 
meters
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HC-532 NKT Photonics:  transmits 560-480 nm 
Photo: Crystal Fibre, now 
NKT
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I2 stalilized SM Ar+ (514nm)
Gas handling
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930 mbar, 300 K
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First results
Baran et al: S/N=200, with ×20 (multipass) and 1 s 
time constant
Ours:  S/N=10000 with 30 ms time constant ⇒ a 
×5700 enhancement in sensitivity over the 
single focus regime!
Mol Pys. 45, 1291 (1982)
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Cw-HCPCF vs quasi-cw + 
multipass
(data from Dijon 
University)
q-cw single focus
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2 2 2 2 2
pump probe Doppler Pressure transit-time
2 2 2 2 -13 1 80 0 70 MHz 106 MHz 0.0035 cm
ν ν ν ν ν ν∆ ≈ ∆ +∆ +∆ +∆ +∆ =
= + + + + = =
Some considerations
Linewidth (CO2 300K, FWHM):
 
Ultimate limit posed by Doppler 
broadening and transit-time broadening  
(∆νtt~0.88×vmean/d ~ 70 MHz = 2.3 × 10-3 cm-1) 
Experiment is at a preliminary stage.  Not all 
experimental variables are under complete 
control:
– Origin of “bumps” is still uncertain: 
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Summary and perspectives
We have demonstrated the enhancement of sensitivity ~ × 5700 over 
single focus cw-SRS, using a HC-PCF as a cell. 
Compared to q-cw SRS:  Similar resolution and sensitivity.
– Advantages: no AC-stark effect, no dye-amplifier chirp (i.e. better 
frequencies,) much simpler (and cheaper) optical setup.
– Disadvantages: Frequency coverage  ~ 1000-2600 cm-1 (with this 
lasers/fiber combination.) and tricky fiber handling.
There is a lot of room for improvement
We have demonstrated a new experimental technique that can 
enhance significantly the sensitivity of Raman spectroscopy 
experiments that can be carried out in a gas cell
 
- sealed input facet
-Longer fibers (up to ~2-3 m)
- Kagome type fibers
- Lower noise lasers
-  …
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Thank you for your 
attention
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Some considerations
Results are very encouraging.  There is a lot of room for 
improvement:
– More stable and efficient light coupling.  Splicing one 
end to solid fiber or collapsing the tip.
– Wavelength modulation 
– “Noise eater” in the pump laser
– Averaging
– Longer fibers (up to ~2-3 m)
– Different lasers/fiber combination (Ti:Saph, ECDL, 
OPO)
– “Kagomé” fiber  (broader transmission, 
lower surface mode coupling, 
larger bore)
NKT Photonics
Benabid et al Nature 434 488 
(2005)
Couny et al OL 31 3574 (2006)
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Some Hi-Res spectroscopy-related 
work using HC-PCF
Supercontinuum sources, frequency combs (J. Hall, T. Hänsch)
F. Benabid (Univ Bath) ultra-low loss SRS conversion (95 % 
efficiency)
Frequency combs using the Stimulated Raman effect (Bath, 
Erlangen,…)
Acetylene (saturation spectroscopy) frequency references, 
(Jenningsen, Danish Metrology)
Zheltikov (Moscow) CARS N2
CH4, NH3, C2H2, sensors … (TDL absorption)
Non spectroscopic work
Particle guidance
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Experimental details:  gas 
filling
Mean Free path for CO2 at 1000 mbar and 25 ºC:  ~0.06 μm
 →  Hydrodinamic flow
Mean Free path for CO2 at    10 mbar and 25 ºC:  ~6 μm
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Pressure at lfiber/2 with 
both ends at final pressure 
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Photonic crystal fibers
Photo: Max Planck Institute for the Science of 
Light website
Photo: Max Planck Institute for the Science of 
Light website
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Photonic crystal fibers
“Conventional” fibers (step-index fibers) guide 
light based on Total Internal Reflection (TIR). 
(ncore>ncladding)
Capillaries are leaky   (λ-2r-3) due to refraction 
(ncore<ncladding)
In a PCF the periodicity of the array of holes 
prevents certain wavevectors from propagating 
in directions perpendicular to the fiber axis.
PCF’s can have a hollow core and guide 
light efficiently (photonic bandgap effect).  
They can be filled with gases or liquids 
(sensors, spectroscopy…)
Figures taken from Newport Catalog
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Experimental set-up
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Stimulated Raman effect:  Scattered photons do not grow 
incoherently, but it’s emission is stimulated, i.e. they form a 
temporally and spatially coherent beam.
Four EM fields couple through χ(3) , which becomes resonant 
whenever the frequency difference between two of them matches 
a Raman-allowed transition of the medium
             ω1   ω2   ω3      
ω4
General case:
“NR four wave mixing”
ωR
CARS
spectroscopy
ωsignal=2ω1- 
ω2
ωR
Raman loss 
spectroscopy
∆I(ω2- ω1)
ωR
Raman gain 
spectroscopy
∆I(ω1- ω2)
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